The effect of radiation on laminar and turbulent mixed convection heat transfer of a semitransparent medium in a square enclosure was studied numerically using the Finite Volume Method. A structured mesh and the SIMPLE algorithm were utilized to model the governing equations. Turbulence and radiation were modeled with the RNG -model and Discrete Ordinates (DO) model, respectively. For Richardson numbers ranging from 0.1 to 10, simulations were performed for Rayleigh numbers in laminar flow (10 4 ) and turbulent flow (10 8 ). The model predictions were validated against previous numerical studies and good agreement was observed. The simulated results indicate that for laminar and turbulent motion states, computing the radiation heat transfer significantly enhanced the Nusselt number (Nu) as well as the heat transfer coefficient. Higher Richardson numbers did not noticeably affect the average Nusselt number and corresponding heat transfer rate. Besides, as expected, the heat transfer rate for the turbulent flow regime surpassed that in the laminar regime. The simulations additionally demonstrated that for a constant Richardson number, computing the radiation heat transfer majorly affected the heat transfer structure in the enclosure; however, its impact on the fluid flow structure was negligible.
Introduction
The heat transfer phenomenon in which natural and forced convections occur simultaneously is known as mixed convection heat transfer. The mixed convection heat transfer is a fundamentally important heat transfer mechanism that takes place in many industrial and technological processes such as designing solar collectors, double-layer glass, buildings for thermal comfort, and cooling electronic parts.
Nonetheless, in applications related to large enclosures, the Rayleigh number is often very big, meaning that the nature of convection in the enclosure is completely turbulent.
Owing to this state, the analysis of turbulent flows inside enclosures is still a challenging subject in fluid mechanics. The reason is that in experimental studies, measuring low speeds in the boundary layers of enclosures with the available probes or sensors is a difficult and daunting task. From a numerical perspective, although new methods including DES, LES, and DNS have achieved significant progress, it is still nearly impossible to completely analyze the stratification in the core of an enclosure. Nonlinearity and coupling of the governing equations make the calculations complicated and time consuming [1] . The complexity of calculating mixed convection has prompted researchers to study natural 2 The Scientific World Journal convection. Reference can be made to works accomplished by Braga and de Lemos [2] , Kuznetsov and Sheremet [3] , and Sheremet [4] among others.
In several instances, however, radiation heat transfer coexists with and has significant impact on the fluid structure. Due to its complexity though, its effect has unfortunately been overlooked in many research works [5] [6] [7] [8] .
The literature review demonstrates that no extensive studies have been done on the interaction between turbulent mixed convection heat transfer and radiation inside enclosures. Only a limited number of studies consider the effect of radiation on natural convection. As such, these researchers generally focus on air or other neutral gases as radiatively nonparticipating mediums owing to the simplicity of modeling radiation as well as the possibility to solve the governing equations and compute the average Nusselt number (Nu) of radiation and convection separately [9] [10] [11] . For semitransparent media like water, the convection and radiation governing equations are coupled with each other and therefore should be solved together. In this state, the total Nusselt number (Nu total ) cannot be obtained by normally mathematically adding the radiative and convective Nusselt numbers.
The presented literature review indicates that the study of radiation as an effective thermal source is in its early stages. In particular, the effect that radiation has on convection heat transfer in the turbulent flow regime in semitransparent media is not entirely understood. The current study thus investigates the laminar and turbulent mixed convection heat transfer of water in a square enclosure in the presence of thermal radiation. The RNG -turbulence model [12, 13] was applied for turbulent flow analysis. Model validation was accomplished by comparing the simulation results for laminar and turbulent flow regimes with the results found in the literature. The numerical results for streamlines, temperature, entropy and heat transfer in terms of average Nusselt number are presented.
The Governing Equations of Laminar and Turbulent Mixed Convection in Combination with Radiation
Continuity equation:
and Momentum Equations:
Energy equation:
Turbulent Kinetic Energy Transport ( ) equation:
Dissipation of Turbulent Kinetic Energy Transport ( ) equation:
The Eddy Viscosity from the Prandtl-Kolmogorov Relation is obtained by
The Stress Production term, , can also be obtained by
The Buoyancy Term, , can be expressed as follows:
For term in equation we have
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The Discrete Ordinates (DO) radiation model for spectral intensity is [12, 15] :
where is the wavelength, is the spectral absorption coefficient, and is the black body intensity provided by the Planck function.
The total intensity ( (
where the summation is over the wavelength bands. Entropy Generation [16] :
3. Boundary Conditions Figure 1 illustrates a schematic of the configuration analyzed in the present study along with the boundary conditions.
The specific boundary conditions for the present study are:
3.1. Wall Function Modeling. The standard wall function described by Launder and Spalding [17] and used in Abedini et al. [18] and Goodarzi et al. [19] is a semiempirical formula based on the established properties of turbulence in the inertial sub-layer near a wall. In this approach, the velocity at the first grid is given as follows:
where
The logarithmic law for the mean velocity is valid for the range 11 ≤ + ≤ 300. When the meshes are in such a way that + ≤ 11 at the wall-adjacent cells, in the viscous sublayer, the linear velocity profile holds. That is,
For the temperature boundary conditions: 
For the turbulence -model, the boundary conditions for turbulent kinetic energy are given as follows:
The corresponding turbulence kinetic energy production term is given by
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Numerical Method
In order to solve the governing equations, the FLUENT commercial code based on the finite volume method was used and is described in detail in [20] . The finite volume method is a specific case of the weighting residual method, where the computational field is divided into finite control volumes as each node corresponds to a control volume. The differential equation is subsequently integrated over each finite volume [21, 22] . The Second Order Upwind scheme was engaged to discretize the convective and diffusive terms, while the SIMPLE algorithm [23, 24] was selected for the pressure-velocity coupling. The calculation was considered converged when the residuals for all equations dropped below 10 −7 . Such criteria for the equations guarantee highly precise solutions [25] .
Numerical Procedure Validation

Laminar Mixed Convection Validation.
For the purpose of validating the laminar mixed convection flow part of the analysis, the problem described by Sharif [14] was solved and the present simulation results were compared with it. In [14] , the laminar mixed convection heat transfer of water in a liddriven cavity with an aspect ratio of 0.1, cooled from the bottom and heated from the top movable wall, was studied via the finite volume method. Calculations were done for 0.1 ≤ Ri ≤ 10, while the Reynolds number was kept fixed at Re = 408.21. The computed average Nusselt number in Ri = 1 was contrasted with the work of Sharif [14] in Table 1 (a). The table illustrates excellent agreement between the present simulation results and those in Sharif [14] . Therefore, the current numerical procedure can be applied with confidence in the simulation of laminar mixed convection flows. 
Turbulent Convection and Radiation Heat Transfer Validation.
The present numerical procedure for solving laminar and turbulent convection conjugating radiation was verified against the existing results of Xamán et al. [10] . In that work, laminar and turbulent natural convection combined with surface radiation and conduction heat transfer in a square cavity filled with air was analyzed numerically by finite volume method. Calculations were done for 10 3 ≤ Ra ≤ 10 12 , Δ = 14 ∘ C and surface solar radiation 750 W m −2 . For Ra = 10 4 (laminar regime) and 10 12 (turbulent regime), the average Nusselt number is shown in Table 1 (b) and compared with the results of Xamán et al. [10] . Table 1(b) demonstrates reasonable concord between the outcomes of the present work and those of Xamán et al. [10] . The small discrepancies seen in this table may be due to having ignored the walls' conduction in the present study.
Grid Independence.
Structured nonuniform grid distributions were applied to discretize the computation domain. The significance of the temperature and velocity gradients near the walls caused the grid to be more refined there.
Various grid distribution types were tested to ensure the results were grid independent. The grid independence for each turbulence model and different Ri was tested separately. Tables 2(a) and 2(b) are two examples indicative of several tests carried out in the grid study.
Results and Discussion
This study was meant to analyze the effect of radiation on flow-induced buoyancy in a square enclosure ( = ). It was assumed that the horizontal walls of the enclosure are adiabatic; the right moving wall is 1 = 323 K and the The Scientific World Journal 5 left wall is 2 = 283 K with 1000 W/m 2 irradiation in both walls. The enclosure walls are made of iron and are supposed to be opaque. Fluid density was computed by applying the Boussinesq approximation [9, 10] . The other thermophysical and optical properties of the fluid were assumed to be constants. In order to achieve a higher Ra, the dimensions of the enclosure were augmented. Table 3 describes the average Nusselt number (Nu) values inside the enclosure for different Richardson numbers in the laminar and turbulent states of motion. The table clearly shows that for laminar and turbulent regimes, the average Nusselt number and therefore heat transfer rate inside the enclosure increased by over 20% and 35%, respectively when computing the radiation heat transfer in the calculation. It is also clear from this table that due to the great influence that radiation has on the nature of flow, the average Nusselt number remained nearly fixed for various Richardson numbers. In the other words, the effect of natural, mixed, or forced convection heat transfer inside the enclosure can totally disappear when the effect of radiation is considered in the calculation. Furthermore, the extra mixing in the turbulent flow regime leads to a higher heat transfer rate than in the laminar regime. Table 4 illustrates the effect of radiation on the maximum values of stream function. At a quick glance, the effect of thermal radiation on fluid structure is obviously not remarkable. There is only less than 1% difference between the maximum values of stream functions in the presence of thermal radiation, meaning that the effect of radiation on the structure of fluid flow can be ignored due to the high cost of radiation computing.
For the laminar and turbulent flow regimes, Figures 2 and 3 illustrate the temperature diagrams at / = 0.5 inside the enclosure for different Richardson numbers. For both cases, the temperature diagram has a linear trend inside the height of the enclosure but for 0 ≤ / ≤ 0.2 and 0.8 ≤ / ≤ 1, one concavity and one convexity reduce the discipline of the temperature diagram. However, as seen in the figures, the influence of radiation on temperature is outstanding. In this state, the temperature difference range is more compact than with pure convection. The difference is 1.5 K near the upper wall and 1.3 K near the lower wall. 
Conclusion
The present study investigated the combination of radiation with mixed convection heat transfer and fluid flow inside a square enclosure with a right hot moving wall. temperature fields as well as various parameters like entropy and average Nusselt number were evaluated.
The study has led to the following conclusions:
(i) For both laminar and turbulent regimes, the heat transfer rate is enhanced by computing the effect of radiation.
(ii) Due to additional mixing in the turbulent flow regime, the heat transfer rate is generally higher than in the laminar regime.
(iii) For both laminar and turbulent regimes, in the presence of radiation heat transfer, the average Nusselt number is almost fixed for different Richardson numbers.
(iv) At low and moderate temperature differences, the effect of radiation heat transfer on the structure of fluid flow is insignificant. 
Nomenclature
